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Abstract
It is widely believed that the curvature singularities are an artifact of general relativity and
may not exist in the Universe, and likely to be defined by the quantum gravity. In the absence
of a successful quantum gravity, significant attention has been shifted towards the regular models.
We present a five-dimensional (5D) rotating regular Myers-Perry like black hole metric with two
rotation parameters (a, b) and a free parameter (k). Our 5D rotating regular metric encompasses
5D Myers-Perry black hole which can be recovered as a special case when k = 0. The size of the
shadow cast by the black holes is significantly smaller and more distorted when the parameter k
is increased.
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I. INTRODUCTION
Black holes, solutions of pure gravity equations Rab = 0, are one of the most extraordinary
predictions in four-dimensional General Relativity and have been the subject of intense
research since their inception (see e.g. the reviews [1, 2]). One of the most important results
on four-dimensional black holes is the uniqueness theorem [3], stating that an asymptotically
flat black hole in vacuum 4D general relativity with a regular horizon is described by the Kerr
metric [4]. The Kerr metric when perturbed ultimately leads to another Kerr metric with
slightly different mass and angular momentum thereby stable under a small perturbation
[5]. However, in recent years, motivated by ideas in Brane-world cosmology and string
theory, attention has been shifted to the black holes in higher dimensions as a growing
volume of recent literature indicates [6–10]. The physics of higher-dimensional black holes
can be strikingly different, and much richer, than in four dimensions [2]. Also, the statistical
counting of black hole entropy was first accomplished for a five-dimensional (5D) black hole
in string theory [11]. The D-dimensional black holes are related to those of a quantum field
theory in (D − 1) dimensions [12] through AdS/CFT correspondence.
The first higher dimensional black hole solution was obtained by Schwarzschild-Tangherlini
[13] whereas the Myers-Perry black holes [8] are the higher-dimensional generalizations of the
Kerr black hole [4]. In particular, the 5D Myers-Perry black hole corresponds to a rotating
black hole which is an asymptotically flat stationary solution of the Rab = 0 with an event
horizon that has the spherical topology S3. The metric of the 5D Myers-Perry black hole,
in Boyer-Lindquist coordinates (t, r, θ, φ, ψ) reads
ds2 = −
(
1− M
ρ2
)
dt2 +
r2ρ2
∆
+ ρ2dθ2 − 2aM sin
2 θ
ρ2
dtdφ− 2bM cos
2 θ
ρ2
dtdψ
+
2abM sin2 θ cos2 θ
ρ2
dφdψ + sin2 θ
(
r2 + a2 +
Ma2 sin2 θ
ρ2
)
dφ2
+cos2 θ
(
r2 + b2 +
Mb2 cos2 θ
ρ2
)
dψ2, (1)
where
∆ = (r2 + a2)(r2 + b2)−Mr2, ρ2 = r2 + a2 cos2 θ + b2 sin2 θ. (2)
The metric (1) is characterized by its mass (M) and two angular momenta (a, b), and it
exhibit instability when one of the two angular momenta is large [14]. The two angles obey
2
0 ≤ φ ≤ 2π and 0 ≤ ψ ≤ 2π. The metric (1) is stationary with timelike Killing field ∂/∂t,
and it is an axis-symmetric to two rotational axes, corresponding to spacelike Killing field
∂/∂φ and ∂/∂ψ. The metric (1), like Kerr black holes, have horizons given by the positive
root of
∆ = (r2 + a2)(r2 + b2)−Mr2, (3)
which is explicitly given by [15]
r2± =
1
2
(
M − (a2 + b2)±
√
(M − (a2 + b2))2 − 4a2b2
)
, (4)
where r+ and r−, respectively, denote the outer and inner horizons. The solution (1) de-
scribes non-extremal black holes for r+ > r−, and when r+ = r−, it represents an extremal
black hole. If (M−(a2+b2))2 < 4a2b2, no horizon exist, which defines a region in (a, b) where
(1) represents a naked singularity. When a = b, the 5D Myers-Perry black hole is extremal
at M = 4a2, while naked singularity occurs when M < 4a2, and M > 4a2 correspond to
black hole with two horizons. The Killing horizon corresponds to
∂
∂t
+ Ωφ
∂
∂φ
+ Ωψ
∂
∂ψ
, (5)
where Ωφ and Ωψ represent angular velocities with respect to the axes
∂
∂φ
and ∂
∂ψ
, given by
Ωφ =
a
r2+ + a
2
and Ωψ =
b
r2+ + b
2
. (6)
It is important to note, like Kerr black hole, the metric (1) has a curvature singularity when
ρ2 = 0 regions where the theory fails to be predictive. The exact nature of such a singularity
might be resolved by a successful theory of quantum gravity, which may become predictive
in the extreme region where curvature diverges. In the absence of well-defined quantum
gravity, the attention has been shifted to the nonsingular or regular models of black holes
where the central singularity is replaced with a de Sitter core or regular spacetime region to
make dynamics modified, thereby the classical theory to work and the spacetime curvature
is well defined in this regular region [16, 17]. It was Bardeen [18] who realized the idea of
a central matter replacing the singularity by a regular de Sitter core to propose the first
regular black hole, and the physical source associated to Bardeen solution was obtained
by Ayo´n-Beato and Garc´ıa [19]. They invoked nonlinear electrodynamics to generate the
Bardeen model as an exact nonlinear magnetic monopole, also suggested regular black holes
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from nonlinear electric fields [20], which goes exactly encompasses the Reisnner-Nordstrom
black holes as special case. Bronnikov [21] proposed several regular black holes in which
source are the fields, the core is an expanding universe with de Sitter asymptotes and the
exterior outer region tends to Schwarzschild black hole. Subsequently, This idea triggered
intense activities in the investigation of many other regular black holes [22–28], including
the rotating ones [29–31] generalizing the Kerr black holes.
The main purpose of this paper is to obtain a 5D regular or nonsingular rotating black hole,
a generalization of the 5D Myers-Perry black holes metric (1) without curvature singularity
and examine its properties. We have also studied the shadow of the black hole, which is
an image of the photon sphere (at r = 3M for Schwarzschild black hole) [32, 33]. The first
step towards the study of a black hole shadow was done by Bardeen [34], who calculated
its for the Kerr black hole. The shadow of a Kerr black hole is not a perfect circle but for
Schwarzschild black hole, its has a perfect circle shape [35]. Later the study of the black
hole shadow has been extended for many other black holes [36–39], including the regular
ones [40, 41].
The paper is organized as follows. The Sec. II is devoted to construct a 5D rotating regular
black holes with two angular momenta, using the modified Newman-Janis algorithm. The
properties of a 5D rotating regular solution are a subject of the Sec. III. How the horizon
structure of the black hole is effected by charge is the subject of the Sec. IV, and also a
detailed analysis of ergoregion is carried out. The equations of motion in the background of
5D rotating regular Myers-Perry black hole are derived in the Sec. V, and exact expressions
for the impact parameters, which determine the black hole shadow, are also obtained. The
Sec. V is devoted to detailed investigation of the shadow cast by the 5D rotating regular
Myers-Perry black holes alongwith a discussion on energy emission rate. We end the paper
with concluding remarks in the Sec. VI. We use the natural units, i.e., G = c = 1.
II. 5D ROTATING REGULAR MYERS-PERRY BLACK HOLES
The nonlinear electrodynamics theory is governed by the action
S =
∫
d5x
√−g (R− L(F )) , (7)
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where R is the Ricci scalar, g is the determinant of the metric gab and L(F ) is the lagrangian
density with F = FabF
ab/4, where Fab is the electromagnetic field strength.
Varying the action (7), result into the following equations of motion
Rab − 1
2
gab = Tab ≡
[
∂L(F )
∂F
FacF
c
b − gabL(F )
]
,
∇a
(
∂L(F )
∂F
F ab
)
= 0 and ∇µ(∗F ab) = 0, (8)
with Rab is the Ricci tensor. The Lagrangian density L(F ) is given by [42]
L(F ) = 3Fe− ke (2eF )
1
3 . (9)
For spherically symmetric spacetimes, the nonvanishing components of Fab are Fθφ, Fθψ and
Fφψ. The Maxwell field for nonlinear electrodynamics reads
Fab = 2δ
θ
[aδ
φ
b]Z(r, θ, φ), (10)
where Z has been suitably modified for the 5D. Substituted Eq. (10) into Eq. (8) and
integrating, we obtain
Fab = 2δ
θ
[aδ
φ
b]e(r) sin
2 θ sinφ. (11)
Eq. (11) implies dF = 0, thereby e′(r) sin2 θ sin φdr ∧ dθ ∧ dφ ∧ dψ = 0. This leads to
e(r) = e = constant. Interestingly, the other components of Fab have negligible influence in
comparison to Fθφ [43, 44]. Hence the field strength can be simplified to
Fθφ =
e
r
sin θ, and F =
e2
2r6
. (12)
Using Eq. (12) in Eq. (9), we obtain
L(F) = 3e
2
r6
e−e
2/Mr2 . (13)
where the free parameter k is related to charge e via e2 = Mk. The components of energy-
momentum tensor are written as
T tt = T
r
r = ρ =
3Mk
r6
e−k/r
2
,
T θθ = T
φ
φ = T
ψ
ψ =
Mk
r6
(
2k
r2
− 3
)
e−k/r
2
. (14)
The general metric for 5D static and spherically symmetric spacetime has the following form
ds2 = −f(r)dt2 + 1
h(r)
dr2 + r2dΩ23, (15)
5
0.2 0.4 0.6 0.8 1.0
-0.5
0.0
0.5
1.0
r
fH
r
L
k > k c
k = k c
k < k c
FIG. 1: Plots showing the behavior of metric function f(r) vs radius r.
where f(r) and h(r) are the metric functions and dΩ23 = dθ
2 + sin2 θdφ2 + cos2 θdψ2 is the
metric of 3D sphere. Now we assume h(r) = f(r). It turns out that the Eqs. (8), (9), and
(14) alongwith Eq. (15) admit the solution [42]
f(r) = 1− M
r2
e−k/r
2
. (16)
Now, the metric for the 5D spherically symmetric regular black hole takes the form
ds2 = −
(
1− Me
−k/r2
r2
)
dt2 +
1(
1− Me−k/r2
r2
)dr2 + r2dΩ23, (17)
Clearly, the metric (17) reduces to 5D Schwarzschild-Tengerhalini solution [13] as a special
case when k = 0, and the 5D Minkowski solution for M = 0. Further, the metric (17) when
r >> k becomes
ds2 =
(
1− M
r2
+
e2
r4
)
dt2 +
(
1− M
r2
+
e2
r4
)−1
dr2 + r2dΩ23, (18)
which is 5D Reissner-No¨rdstorm solution. Thus, we have a new exact 5D black hole with
a free parameter k, that measures deviation from the 5D Schwarzschild-Tengerhalini black
holes. It is seen that solution (17), for a range of values of parameters, is regular everywhere
including at r = 0. We write
f ′(r) =
2M
r3
(
1− k
r2
)
e−k/r
2
, (19)
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which has roots at r2 = k, and the metric function gives it minimum value at r2 = k, which
is
fmin = f(k) = 1− M
ke
. (20)
It turns out that f(k) < 0, f(kc) = 0, and f(k) > 0, respectively, when k < M/e, k = kc =
M/e, and k > M/e. The three cases corresponding, respectively to black hole with two
horizons, extremal black holes with degenerate horizons and no black hole (cf. Fig. 1).
The 5-acceleration, ab = ua∇aub is given by
ab =
(
0,
M(1− k
r2
)
r3
e−k/r
2
, 0, 0, 0
)
, (21)
where ub is a 5-velocity. ab vanishes at r2 = k, where the function f(r) is minimum. The
gravitational field becomes repulsive for r2 < k, where acceleration is negative. The surface
gravity κ at the horizon is given by
κ =
√
abab
√−gtt|+ = 1
r+
(
1− k
r2+
)
. (22)
κ or temperature vanishes at r2 = k, where the black hole is extremal.
Now, we would like to drive a rotating counterpart of solution (17). The Newman Janis algo-
rithm (NJA) is a step by step procedure of complex transformation to generate new rotating
black hole solution from the spherically symmetric counterpart, as Kerr/Kerr-Newman can
be exactly generated from the Schwarzschild/Reissner-No¨rdstorm metrics [45]. The NJA
provides exact solutions [46, 47]. However, they do not always provide an exact solution
in modified gravity, but may give useful insights into the structure of the solutions. Erbin
and Heurtier [48] propose an extension of NJA to 5D with two angular momenta, using the
recipe of Giampieri [49] to generate 5D Myers-Perry black holes [8]. Hence, we apply the
procedure in Refs. [48, 49] to generate 5D rotating regular black holes starting with the
spherically symmetric black holes (17), with only requirement to recover the Myers-Perry
black hole metric for k = 0, and exponential term is left as it is.
Let us start with the 5D spherically symmetric regular black hole metric rewritten as
ds2 = −f(r)dt2 + f(r)−1dr2 + r2dΩ23. (23)
In the 5D, the planes that can be made rotation, are (r, φ) and (r, ψ). The first step is to
rewrite the metric (23) in null coordinates as
ds2 = −du(du+ 2dr) + (1− f(r))du2 + r2 (dθ2 + sin2 θdφ2)+ R2 cos2 θdψ2, (24)
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where R(r) = Re(r). Let us go for the first complex transformation, related to (r, φ)-plane
as [48]
u = u′ + ia cosχ1, r = r
′ − ia cosχ1,
idχ1 = sinχ1dφ, with χ1 = θ,
du = du′ − a sin2 θdφ, dr = dr′ + a sin2 θdφ, (25)
with f(r) to be replaced by f (1) = f (1)(r, θ), as f(r) must be complexified twice as compared
to once in the original NJA [45]. The transformation (25) on (24) result into
ds2 = −du2 − 2dudr + (1− f (1)) (du− a sin2 θdφ)2 + 2a sin2 θdrdφ+ (r2 + a2 cos2 θ) dθ2
+
(
r2 + a2
)
sin2 θdφ2 + r2 cos2 θdψ2. (26)
where R(r) = r′ and we have omitted the primes, and the function f (1) reads
f (1) = 1− Me
−k/r2
|r|2 = 1−
Me−k/r
2
r2 + a2 cos2 θ
(27)
Now, making a complex transformation in (r, ψ)-plane, as follows
u = u′ + ib cosχ2, r = r
′ − ib cosχ2,
idχ2 = − cosχ2dψ, with χ2 = θ,
du = du′ − b cos2 θdψ, dr = dr′ + b cos2 θdψ, (28)
with this transformation, the metric takes the form
ds2 = −du2 − 2dudr + (1− f (2)) (du− a sin2 θdψ)2 + 2a sin2 θdRdφ+ ρ2dθ2 +(
R2 + a2
)
sin2 θdφ2 + r2 cos2 θdψ2, (29)
with once again using the function R(r) = Re(r). Finally, the metric (29) can be written as
ds2 = −du2 − 2dudr + ρ2dθ2 + (1− f (1,2)) (du− a sin2 θdφ− b cos2 θdψ)2 + 2a sin2 θdrdφ
+
(
r2 + a2
)
sin2 θdφ2 + 2b cos2 θdrdψ +
(
r2 + b2
)
cos2 θdψ2, (30)
with once again, R = r′ and omitting primes, where
ρ2 = r2 + a2 cos2 θ + b2 sin2 θ, (31)
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and the function f (1,2) after two successive complexification takes the form
f (1,2) = 1− Me
−k/r2
|r|2 + a2 cos2 θ = 1−
Me−k/r
2
r2 + a2 cos2 θ + b2 sin2 θ
= 1− Me
−k/r2
ρ2
. (32)
The metric (30) can be transformed to Boyer-Lindquist coordinates to obtain [48]
ds2 = −
(
1− Me
−k/r2
ρ2
)
dt2 − 2Ma sin
2 θe−k/r
2
ρ2
dtdφ− 2Mb cos
2 θe−k/r
2
ρ2
dtdψ
+
r2ρ2
∆
dr2 + ρ2dθ2 + sin2 θ
(
r2 + a2 +
Ma2 sin2 θe−k/r
2
ρ2
)
dφ2
+
2Mab sin2 θ cos2 θe−k/r
2
ρ2
dφdψ + cos2 θ
(
r2 + b2 +
Mb2 cos2 θe−k/r
2
ρ2
)
dψ2, (33)
where ∆ is defined as
∆ =
(
r2 + a2
) (
r2 + b2
)−Mr2e−k/r2 . (34)
This metric (33), describes the 5D rotating regular Myers-Perry black hole with two angular
momenta a and b. One recovers the standard 5D rotating Myers-Perry black hole [8], when
k = 0 and spherically symmetric (17), when a = b = 0. In addition, if k = 0, then
metric (33) becomes Schwarzschild-Tengerhlani solution [13]. When M = 0, the metric (33)
becomes flat in oblate bipolar coordinates [15]. We have generated the metric (33) via the
Newman-Janis algorithm, which is widely used to generate rotating black hole solutions (see
refs. [45–49]) including the regular black hole metrics (see [29, 31]). It turns out that the
Newman-Janis algorithm works fine when the spherically symmetric metric is vacuum and
in this case, the rotating counterpart is also vacuum. But for the present case, the rotating
metric (33) may have additional stresses, but they fall quite rapidly. It may be also mention
that the metric (33) has all correct limits.
III. PROPERTIES OF THE SOLUTION
The metric (33) is invariant under the simultaneous inversion of the time coordinate
t → −t and the angles φ → −φ, ψ → −ψ, and under the transformation of a ↔ b, φ ↔ ψ
and θ ↔ π
2
− θ. It implies the existence of three Killing vectors
ξ(t) =
∂
∂t
, ξ(φ) =
∂
∂φ
, ξ(ψ) =
∂
∂ψ
. (35)
9
and we have
ξt · ξt = gtt = −1 + Me
−k/r2
ρ2
,
ξφ · ξφ = gφφ = sin2 θ
(
r2 + a2 +
Ma2 sin2 θe−k/r
2
ρ2
)
,
ξt · ξφ = gtφ = Ma sin
2 θe−k/r
2
ρ2
,
ξψ · ξψ = gψψ = cos2 θ
(
r2 + b2 +
Mb2 cos2 θe−k/r
2
ρ2
)
,
ξt · ξψ = gtψ = Mb cos
2 θe−k/r
2
ρ2
,
ξφ · ξψ = gφψ = Mab sin
2 θ cos2 θe−k/r
2
ρ2
(36)
The Killing vectors given in (35) can be used to give the physical interpretation of a and b
of metric (33). Following [50], we write the Komar integrals
M = 1
4π2
∮
ξa;b(t) d
3
Σab
,
j(a) =Ma = − 1
4π2
∮
ξa;b(φ)d
3
Σab
,
j(b) = Mb = − 1
4π2
∮
ξa;b(ψ)d
3
Σab
, (37)
where the integrals d3Σab is defined as
d3Σab =
1
3!
√−gǫabcdedxc ∧ dxd ∧ dxe, (38)
The semicolon (;) denotes the covariant differentiation, and j(a) and j(b) are the two specific
angular momentum parameters in the φ and ψ directions. We obtained the relation of mass
M , total angular momentum J(a) and J(b) as given in [8]
M = 8
3π
M, j(a) =
4
π
J(a), j(b) =
4
π
J(b). (39)
In the four-dimensional case, a locally nonrotating observer includes a vector, which has a
velocity orthogonal to the t = const surface in the Kerr black hole background and vanished
its angular momentum [51]. We define a local nonrotating observer in a similar way for the
5D rotating regular Myers-Perry spacetime. We write
ua = ua(r, θ) = α[ξa(t) + Ω(a)ξ
a
(φ) + Ω(b)ξ
a
(ψ)], (40)
10
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FIG. 2: Plots showing the regular behavior of Kretschmann scalar K vs radius r for the various
values of the parameter k, and θ = pi/2. We have taken M = 1.
where ua is the velocity vector of a nonrotating observer in 5D and α is a normalization
constant, which is determined by u2 = −1. The orthogonality of t = const surface implies
ur = uθ = 0 and
gtφu
t + gφφu
φ + gφψu
ψ = 0,
gtψu
t + gψψu
ψ + gψφu
φ = 0. (41)
The simultaneous solution of these equations determines ua(r, θ), and easily can be solved
to get angular velocities
Ω(a) =
uφ
ut
=
gtψgφψ − gtφgψψ
gφφgψψ − g2φψ
=
Ma(r2 + b2)e−k/r
2
∆ρ2 +M(r2 + a2)(r2 + b2)e−k/r2
,
Ω(b) =
uψ
ut
=
gtφgφψ − gtψgφφ
gφφgψψ − g2φψ
=
Mb(r2 + a2)e−k/r
2
∆ρ2 +M(r2 + a2)(r2 + b2)e−k/r2
, (42)
when either b = 0 or a = 0, one obtains
Ω(a) = − gtφ
gφφ
or Ω(b) = − gtψ
gψψ
, (43)
which at the horizon (∆ = 0) is given by
Ω(a)+ =
a
r2+ + a
2
, Ω(b)+ =
b
r2+ + b
2
. (44)
To check the regular behavior of the metric (33), we study the curvature invariants, i.e.,
Kretschmann scalar and Ricci scalar. If these curvature invariants are well behaved, then the
obtained solution is regular. In the case of Myers-Perry black hole metric, these curvature
invariants diverge at r = 0. We calculated the Kretschmann scalar for a = b, and plotted
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TABLE I: Table for values of the outer horizon (r+), inner horizn (r−) and δr = r+ − r−.
a = 0.2, b = 0.3 a = 0.4, b = 0.2
k r+ r− δr r+ r− δr
0 0.93050 0.06448 0.86602 0.88989 0.08989 0.8
0.05 0.89740 0.19362 0.70377 0.85116 0.22617 0.62499
0.15 0.81347 0.34224 0.47123 0.74124 0.40696 0.33428
kc 0.59783 0.59783 0 0.58546 0.58546 0
with the radius r for different values of the parameter k (cf. Fig. 2). One can see that for
every non-zero value of k, Kretschmann scalars are well defined. We have also examined
other scalars for the metric (33), not reported here, and they are also regular everywhere.
Hence, the obtained solution (33) is regular.
IV. HORIZONS AND ERGOREGIONS
The horizons of the 5D rotating regular black hole (33) are the solution of grr = ∆ = 0,
i.e.,
r4 + (a2 + b2)r2 + a2b2 −Mr2e−k/r2 = 0. (45)
For the given values of angular momenta a and b we have, for k < kc, Eq. (45) admit two
positive roots (r±) corresponding to Cauchy (r−) and event (r+) horizons, where k = kc is
a critical value. For equality k = kc, the two horizons shrinks to one, this case corresponds
to extremal black holes (Table I and Fig. 3), while no black hole solutions when k > kc.
The static limit surface is a surface of infinite red-shift and time-translation Killing vector
becomes null there, which gives gtt = 0, i.e.,
r2 + a2 cos2 θ + b2 sin2 θ −Me−k/r2 = 0. (46)
From Eq. (46), it is clear that the static limit surface depends on the values of the rotation
parameter a and b, free parameter k and angle θ. The static limit surface has the oblate
shape and its size shrinks from equator to pole and at the pole, it coincides with the event
horizon. In Fig. 4, we plot the behavior of the gtt with r and found that the static limit
12
0.0 0.2 0.4 0.6 0.8 1.0
-0.2
-0.1
0.0
0.1
0.2
r
D
a = 0.2 , b = 0.3
k = 0.3
k = 0.249541
k = 0.15
k = 0.05
k = 0
0.0 0.2 0.4 0.6 0.8 1.0
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
r
D
a = 0.4 , b = 0.2
k = 0.23
k = 0.197863
k = 0.15
k = 0.05
k = 0
FIG. 3: Plots showing the behavior of ∆ vs radius r for different values of parameter k.
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surface also has a critical value of the free parameter k.
The ergoregion is defined as the region between the static limit surface and the event horizon.
It is important from the astrophysical points of view because some important phenomena
take place in the region like Penrose Process [52], i.e., the extraction of rotational energy.
A particle or object is free to enter and leave the ergoregion, and an object cannot remain
static in the ergoregion, but it moves with the rotation of the black hole, which is known as
a frame-dragging effect. The ergoregion corresponding in parameter (a, b, k) are plotted in
Fig. 5 (see also Table II).
V. BLACK HOLE SHADOW
The shape and size of the black hole shadow depend on the spacetime geometry. The
shadow of a black hole is an apparent geometry of the event horizon. A black hole casts a
shadow if it is situated between the light source like Quasars and the observer. Recently, it
becomes the field of intensive research, both in four dimensions [34–38, 40, 41, 53–65] and
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FIG. 5: Plots showing the behavior of ergo-region with rotation parameter a, b and free parameter
k.
TABLE II: Table for radius of event horizon (r+), static limit surface (r
SLS
+ ) and δ = r
SLS
+ − r+
for different values of parameter k.
a = 0.2, b = 0.3 a = 0.4, b = 0.2
k r+ r
SLS
+ δ r+ r
SLS
+ δ
0 0.93050 0.96046 0.02996 0.88989 0.96436 0.07446
0.05 0.89740 0.93082 0.03341 0.85116 0.93510 0.08394
0.10 0.85934 0.89765 0.03831 0.80428 0.90247 0.09819
0.15 0.81347 0.85949 0.04602 0.74124 0.86508 0.12384
14
in higher dimensions [39, 66, 67]. When the incoming photons emitted by a light source,
come near to a black hole, then they follow the three types of trajectories, i.e., infalling
orbits, scattering orbits, and unstable circular orbits. The unstable circular orbit helps us to
analyze the shape and size of the black hole shadow. First, we analyze the geodesic structure
of a particle moving around 5D rotating regular Myers-Perry black holes. The Lagrangian
reads
L = 1
2
gabu
aub, (47)
where ua is the 5-velocity of the particle. The canonical momenta are calculated as
pt =
(
− 1 + Me
−k/r2
ρ2
)
ut +
(Ma sin2 θe−k/r2
ρ2
)
uφ +
(Mb cos2 θe−k/r2
ρ2
)
uψ,
pφ =
(Ma sin2 θe−k/r2
ρ2
)
ut +
(
r2 + a2 +
Ma2 sin2 θ
ρ2
)
sin2 θuφ +
(Mab sin2 θ cos2 θe−k/r2
ρ2
)
uψ,
pψ =
(Mb cos2 θe−k/r2
ρ2
)
ut +
(Mab sin2 θ cos2 θe−k/r2
ρ2
)
uφ +
(
r2 + b2 +
Mb2 cos2 θe−k/r
2
ρ2
)
cos2 θuψ,
pr =
ρ2r2
∆
ur, pθ = ρ
2uθ. (48)
Metric (33), has three conserved quantities associated with energy E, and angular momenta
Lφ and Lψ, and we have pt = −E, pφ = Lφ and pψ = Lψ. Solving the first three equations
from Eq. (48), we get
ut =
1
ρ2∆
((
ρ2∆+M(r2 + a2)(r2 + b2)e−k/r
2
)
E +Ma(r2 + b2)e−k/r
2
Lφ +Mb(r
2 + a2)e−k/r
2
Lψ
)
,
uφ =
1
ρ2∆
(
−Ma(r2 + b2)e−k/r2E +
(ρ2∆−Ma2(r2 + b2) sin2 θe−k/r2
(r2 + a2) sin2 θ
)
Lφ −Mabe−k/r2Lψ
)
,
uψ =
1
ρ2∆
(
−Mb(r2 + a2)e−k/r2E +
(ρ2∆−Mb2(r2 + a2) cos2 θe−k/r2
(r2 + b2) cos2 θ
)
Lψ −Mabe−k/r2Lφ
)
. (49)
We use the Hamilton-Jacobi equation to separate the radial and angular part of the equation
of motion [15]. The most general Hamilton-Jacobi equation reads
−∂S
∂λ
=
1
2
gab
∂S
∂xa
∂S
∂xb
(50)
where λ is an affine parameter and S is the Jacobi action, which for the 5D case reads
S =
1
2
m2λ− Et + Lφφ+ Lψψ + Sθ(θ) + Sr(r), (51)
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where m, E and L, respectively the particle mass, energy and angular momentum. S(r)
and S(θ) are function of r and θ. Since we are calculating the equations of motion for the
photon, so the mass of the particle is set to be zero (m = 0). Combining Eq. (50) and
Eq. (51), we obtain
(∂Sθ
∂θ
)2
− E2(a2 cos2 θ + b2 sin2 θ) + L
2
φ
sin2 θ
+
L2ψ
cos2 θ
−K = 0, (52)
and
∆
(∂Sr
∂r
)2
−E2r2 − M(r
2 + a2)(r2 + b2)e−k/r
2
∆
(
E +
aLφ
r2 + a2
+
bLψ
r2 + b2
)2
−(a2 − b2)
( L2φ
r2 + a2
− L
2
ψ
r2 + b2
)
+K = 0, (53)
where K is a Carter separable constant [68]. We can write Eqs. (52) and (53) into the
following form
∂Sθ
∂θ
= ±
√
Θ and
∂Sr
∂r
= ±
√
R, (54)
where Θ and R are given by
Θ = E2(a2 cos2 θ + b2 sin2 θ)− L
2
φ
sin2 θ
− L
2
ψ
cos2 θ
+K,
R = ∆
(
E2r2 + (a2 − b2)
( L2φ
r2 + a2
− L
2
ψ
r2 + b2
)
−K
)
+M(r2 + a2)(r2 + b2)e−k/r
2
(
E +
aLφ
r2 + a2
+
bLψ
r2 + b2
)2
.
(55)
Eq. (55) give the angular and radial part of the equation of motion of the photon. The
effective potential has much importance in the study of the circular orbit of the photon
around the black hole, which is given by
1
2
(ur)2 + Veff = 0, (56)
where
Veff = − 1
2ρ4
(
∆
(
E2r2 + (a2 − b2)
( L2φ
r2 + a2
− L
2
ψ
r2 + b2
)
−K
)
+M(r2 + a2)(r2 + b2)e−k/r
2
(
E +
aLφ
r2 + a2
+
bLψ
r2 + b2
)2)
. (57)
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Note, we study the geometry of photons near the 5D rotating regular Myers-Perry black
holes. Let us introduce the impact parameters for 5D case as
ξ1 =
Lφ
E
, ξ2 =
Lψ
E
, η =
K
E2
. (58)
Take b = a for simplicity, and write the R in terms of new parameters
R = ∆(r2 − η) +M(r2 + a2)2e−k/r2
(
1 +
a
r2 + a2
(ξ1 + ξ2)
)2
. (59)
The black hole shadow is determined by the unstable circular photon orbits which satisfy
R = dR
dr
= 0. (60)
The impact parameters ξ and η determine the contour of the shadow for the photon orbits
around the black hole. The value of η and ξ can be obtained from Eqs. (59) and (60) as
η =
r2
a
(
r4 + ek/r2(a2 + r2)((a2 + r2)k − 2r4)
)2(ae2k/r2(r2 + a2)2((a2 + r2)k − a2r2
−3r4)((a2 + r2)k − 2r4) + 2r2
√
−ek/r2r4(a2 + r2)((a2 + r2)k − 2r4)(ar2 − aek/r2(a2 + r2)2)
+aek/r
2
r4(a2 + r2)(3(a2 + r2)k − 5r4 + a2r2)
)
,
ξ =
1
a
(
r4 + ek/r4(a2 + r2)((a2 + r2)k − 2r4)
)(− a2r4 − ek/r2(r2 + a2)2((a2 + r2)k − r4)
+
√
−ek/r2r4(a2 + r2)((a2 + r2)k − 2r4)(−r2 + ek/r2(a2 + r2)2)
)
= ξ1 + ξ2. (61)
Now, we consider the case, when θ = π/2, Lψ = 0, which implies ξ2 = 0, so from Eq. (61),
we obtain
ξ1 =
1
a
(
r4 + ek/r4(a2 + r2)((a2 + r2)k − 2r4)
)(− a2r4 − ek/r2(r2 + a2)2((a2 + r2)k − r4)
+(−r2 + ek/r2(a2 + r2)2)
√
−ek/r2r4(a2 + r2)((a2 + r2)k − 2r4)
)
. (62)
Clearly, 0 ≤ r ≤ ∞. Now, we consider the case when a = 0, then the value of η take the
following form
η =
4
2− e−k/2 . (63)
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FIG. 6: Plot showing the shapes of the black shadow for non-rotating regular Myers-Perry black
hole with different values of the free parameter k.
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FIG. 7: Plots showing the shapes of the black shadow for rotating regular Myers-Perry black holes
with different values of a and k.
In order to study the shadow of the 5D rotating regular Myers-Perry black hole, we use
the celestial coordinates α and β to determine the geometry of the shadow of the black hole,
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FIG. 8: Pictorial representation of the observables for rotating black holes [41].
which for 5D black holes can be written as [66]
α = −
(
ξ1
1
sin θ0
+ ξ2
1
cos θ0
)
,
β = ±
√
η − ξ21 csc2 θ0 − ξ22 sec2 θ0 + a2. (64)
As we choose an equatorial plane for observing the shadow of the black hole, so the angle
of the inclination is θ0 = π/2. For θ0 = π/2, Lψ becomes zero as Lψ = pψ from Eq. (48),
hence ξ2 vanished. So, in this case, Eq. (64) takes the form
α = −ξ1,
β = ±
√
η − ξ21 + a2. (65)
The different shapes of the shadow of a 5D rotating regular Myers-Perry black hole can be
visualized by plotting the celestial coordinates α vs β for different values of the rotation
parameter a and deviation parameter k. It can also verify from Eq. (65), that the celestial
coordinates α and β satisfy the relation α2+ β2 = η+ a2, where η is given by Eq. (61). The
shadow for 5D non-rotating regular black hole can be obtained from
α2 + β2 =
4
2− e−k/2 . (66)
We plot the shadow for non-rotating case (a = 0) in Fig. 6, for different values of parameter
k and find that the shadow is a perfect circle and the effect of k leads to decrease in size
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parameters k and a.
with increasing k.
Next, we analyze the behavior of black hole shadow for rotating case (a 6= 0) and also discuss
the effect of the free parameter k. The contour of the shadow of a 5D rotating regular Myers-
Perry black holes has been plotted in Fig. 7 for different values of k and a. We realize that
the shape of the contour of the shadow is largely affected due to the parameters a, k, and
an extra dimension (cf. Fig. 7). It is known that shadow gets more and more distorted due
to increasing the rotation parameter a, and it is also true for the case of 5D rotating regular
Myers-Perry black hole (cf. Fig. 7). The size of the shadow decreases with increasing the
value of k. The extra dimension also has an effect on the size of the shadow, which can be
seen if we compare our present result with its four-dimensional counterpart [41].
To further analyze the shadow of 5D rotating regular Myers-Perry black hole, we adapt the
two astronomical observable originally introduced by Hioki-Maeda [69], which are given by
Rs =
(αt − αr)2 + β2t
2(αt − αr) , (67)
δs =
α˜p − αp
Rs
, (68)
where Rs corresponds to the size of the shadow and δs measures the deformation (cf. Fig. 8).
We choose a reference circle, which passes through the three coordinates, i.e., at top position
(αt, βt), bottom position (αb, βb), and rightmost position (αr, 0). Now we define two other
points, (α˜p, 0) and (αp, 0), which are the coordinates of the reference circle and contour of
the shadow and located at diametrically opposite to (αr, 0) (cf. Fig. 8). The radius Rs and
distortion δs for different values of parameter k and rotation parameter a is shown in Fig. 9.
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FIG. 10: Plots showing the variation of the energy emission rate with frequency ω for different
values of parameters k and a.
We find that shadow radius Rs decrease with increasing the value of k and increases with
rotation parameter a. However, the deformation δs increasing monotonically with k as well
as rotation parameter a. These results are consistent with our result from Figs. 6 and 7,
and our earlier result [67].
Next, we will discuss the rate of energy emission for the 5D rotating regular Myers-Perry
black hole (33). The low energy absorption cross-section for a spherically symmetric black
hole has a universal feature in that it always reduces to the black hole horizon area [70, 71].
However, at high energy scale, the absorption cross section oscillates around a limiting
constant value which took the value of geometrical cross section σlim of the photon sphere
in which the black hole is endowed and takes the value
σlim = πR
3
s, (69)
where Rs is black hole shadow radius. It is believed that it is a generic feature of a black
hole at high energy surrounded by photon sphere. The expression of the energy emission
rate of black hole reads [72]
d2Eν
dνdt
=
4π3R3s
eω/T+ − 1ω
3 =
4π2σlim
eω/T+ − 1ω
3, (70)
where ω is the frequency of a photon and T+ is the Hawking temperature on the event
horizon, which can be calculated via definition
T+ = lim
r→r+
∂r
√
gtt
2π
√
grr
, (71)
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Thus the temperature is
T+ =
r2+(r
2
+ − a2)− k(r2+ + a2)
2πr3+(r
2
+ + a
2)
. (72)
If k = 0, then Eq. (72) reduces to the temperature of 5D Myers-Perry black hole [73]. We
show energy emission rate in Fig. 10, against the frequency ω for different values of the
parameter k. We find that the peak of emission rate monotonically decreases and also shifts
to left, i.e., to lower frequency.
VI. CONCLUSION
In this paper, we find an exact 5D spherical symmetric regular black hole by coupling
general relativity with nonlinear electrodynamics for an appropriate lagrangian. In turn, we
construct 5D rotating regular black hole with two angular momenta using modified Newman-
Janis algorithm [48]. The 5D rotating regular black hole is characterized by parameters
mass (M), two rotation parameters (a, b), and an additional deviation parameter (k) due
to magnetic charge. It encompasses the 5D Myers-Perry black hole as a special case in the
absence of charge. Interestingly, the parameter k > 0 makes a significant impact on the
horizons and ergoregions of the black hole. It turns out that the ergoregion area increases
with the inclusion of the parameter k (cf. Fig. 5). Indeed, one can find a critical k = kc, for
a set of values other parameters, where two horizons merge and no horizons for k > kc (cf.
Fig. 3).
A black hole casts a shadow when situated in front of a bright object. We have analyzed
the shadow cast by 5D rotating regular Myers-Perry black hole. Recent years witnessed
flurry of activities in theoretical investigation of black hole shadow because of the possibility
of imaging the Sgr A⋆, the black hole in the center of our galaxy, by the Event Horizon
telescope. The shadow of a black hole may be very useful to understand the gravity near
extreme region. In the Kerr black hole case, the apparent shape of shadow gets distorted
when black hole rotates very fast (for a ≥ 0.6), whereas the size for the black hole decreases
in the case of Kerr-Newman, i.e, when one introduces charge. We have analyze how the
shadow of the black hole gets affected due to parameter k. We have the shadows cast by
the 5D regular Myers-Perry black hole for both rotating and non-rotating case. It is shown
that null geodesics, as in the Kerr black hole, are separable. Despite of complexity, we
22
have analyzed photon orbits around the black hole to obtain exact expressions for shadow
observable Rs and δs. From the analysis of Rs, the shadow of the 5D rotating regular
Myers-Perry black hole decreases with increasing value of magnetic charge parameter k, as
in the case of Kerr-Newman black hole [74]. The distortion of shadow is characterized by
the observable δs, which monotonically increases with increasing value of parameter k, i.e.,
the 5D rotating regular Myers-Perry black hole is more distorted. Our analysis gives rich
properties of the 5D rotating regular Myers-Perry black hole.
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